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ABSTRACT
Following an old idea of Fritz Zwicky, we make an attempt to establish a “universal” mass
function for astronomical objects on all scales. The object classes considered are: solar system
planets and small bodies, exoplanets, brown dwarfs, stars and stellar remnants, open and globular
clusters, molecular clouds, galaxies, groups and clusters of galaxies. For comparison we also
include CDM halos taken from numerical simulations. We show that the mass functions of
individual object classes, when properly normalized, can indeed be concatenated to build a
surprisingly continuous mass function of the universe, from M ≈ 10−20M⊙ (sub-kilometer size
asteroids) up to M ≈ 1016M⊙ (rich clusters of galaxies), covering 36 orders of magnitude in
mass. Most individual mass functions roughly follow a power law of the form φ(M) ∝ M−2. A
notable exception are planets and small bodies which seem to obey a flatter distribution. CDM
halos from high-resolution numerical simulations show a very similar relation, again of “universal
slope” −2, from clusters of galaxies all the way down to the planetary mass scale. On the scale of
stars and star clusters this is a remarkable coincidence, as the formation processes involved are
thought to be totally different (bottom-up gravitational clustering of DM halos versus top-down
gravoturbulent fragmentation of gas clouds).
Subject headings: cosmolgy: dark matter – cosmology: miscellaneous – galaxies: luminosity function,
mass function – stars: luminosity function, mass function
1. INTRODUCTION
There is a great variety of astronomical ob-
jects in the universe – by increasing average size
or mass: asteroids, planets, brown dwarfs, stars
and stellar remnants, binary and multiple stars,
star clusters, molecular clouds, galaxies, groups
and clusters of galaxies. Each of these classes of
objects follows a certain (but generally not well
known) distribution function in size, luminosity,
or mass. The most fundamental characteristic
property of all these distribution functions is that
smaller or less massive things of a given kind are
more abundant than larger or more massive ones.
Presumably the same would hold not only within a
certain class of objects, but also if one were to glue
together the individual distribution functions to
build a “universal” distribution function, as there
would be, per unit volume of space, more asteroids
than planets, more planets than stars, more stars
than galaxies, etc.
In this paper we are doing just that: putting
together all known distribution functions for dif-
ferent object classes to see whether there is such
a thing like a “universal distribution function”. –
“Universality” has a twofold meaning here: We
can ask (1) whether the all-object distribution
function is sufficiently continuous to render the
notion of universality useful in the first place, and
(2) if yes, whether the slope of the individual dis-
tribution functions and that of the grand total is,
to a certain degree, universally the same. For the
present study we choose mass as the independent
parameter, as mass is probably the most funda-
mental – albeit difficult to determine – property of
an astronomical object (luminosity is inappropri-
ate because there are dark objects). We show that
by proper normalization we can indeed establish
a continuous mass function of the universe from
10−20M⊙ (100 meter-size asteroids) to at least
1
1016M⊙ (the most massive clusters of galaxies),
and that there is surprising similarity in the slope
of the mass function over a large range of mass.
The question of a universal distribution func-
tion of astronomical objects has apparently been
of interest only to Fritz Zwicky. In his 1942 Phys-
ical Review paper entitled “On the large scale dis-
tribution of matter in the universe”, Zwicky ar-
gued on purely theoretical grounds that the lu-
minosity function (LF) of galaxies had to be es-
sentially exponential, i.e. ever fainter galaxies be-
ing increasingly more numerous, just as observed
today (see below) – but in contradiction with
the data available then, which showed a more
Gaussian-type LF for galaxies. Zwicky’s vision
was that galaxies constitute an ensemble of “par-
ticles” in a stationary state of statistical equilib-
rium. Frequent close encounters would dissolve
larger aggregates of galaxies on the one hand, and
accumulate new ones on the other hand, resulting
in a Boltzman-type energy distribution for galax-
ies and groups and clusters of galaxies as a whole.
Today, we know that the temperature and den-
sity of the “galaxy gas” is much too small, and
thus the time-scale of galaxy interactions much
too long, for a statistical equilibrium to be estab-
lished or maintained. But Zwicky was perfectly
right not only in his prediction of an exponen-
tial LF (which he himself set out to prove, see
Zwicky 1957, p. 220ff), but also in his view that
galaxian systems, from dwarf galaxies up to the
richest clusters of galaxies, follow one, continuous
distribution function (which was observationally
established for the first time by Bahcall 1979, see
also below). This unity of objects on the scale of
galaxies and systems of galaxies is now understood
in terms of a general, cosmological “bottom-up
scenario” centred around the hierarchical, grav-
itational clustering of dark halos in an expand-
ing universe having formed from primordial den-
sity fluctuations, as, e.g., described by the “Press-
Schechter formalism” (Press & Schechter 1974).
While Zwicky considered stars in his 1942 paper
as well, he was well aware that the mass distribu-
tion of stars must be shaped by totally different
physical processes. Put in simple terms, the rela-
tion between stars and (small) galaxies is plausi-
bly one of gas fragmentation (from large to small),
rather than clustering (from small to large). So
why should there be a universal mass function, if
there can hardly be universal (global) physics be-
hind the frequency distribution of such things like
asteroids, stars, and galaxy clusters? This must
be the reason why the question of a universal mass
distribution (beyond the scale of galaxies and sys-
tems of galaxies) has never been taken up since
Zwicky; it simply does not seem to make much
sense from a physical point of view.
Conversely, the – surprising – degree of univer-
sality in the mass distribution of astronomical ob-
jects found in the present paper does not entitle
us to conclude that there indeed is overarching
physics at work, though this cannot be excluded
either. While we will, in the discussion section,
briefly indulge in speculations on what it all could
mean, we emphasize that our primary goal is not
to find a sort of cosmological principle that gov-
erns the mass distribution function of the universe,
but to provide a valuable piece of cosmography. A
good knowledge of the frequency distribution of
things in the universe is an end in itself.
There are conceptual difficulties with the def-
inition of an astronomical object. What exactly
is an astronomical object, i.e. what kind of ob-
jects should we include in such a study? The most
simple requirement would be that such an object
is gravitationally bound. However, sub-kilometer
asteroids (let alone dust particles, if we were to
push the distribution function to the extremes) are
hold together by non-gravitational forces. Also,
on large scales, where gravity does dominate, we
wish, for the sake of continuity, to include molec-
ular clouds which are in general unbound but are
identifiable entities none the less.
Each class of objects has its own specific tech-
nical difficulties in the establishment of a distribu-
tion function. There is a rich history of attempts,
e.g., to determine the stellar LF (and thus the ini-
tial mass function, IMF), or the LF and mass-to-
light (M/L) ratio of galaxies. The present paper
is not meant to be a meta-study where all these
attempts for the different object classes are criti-
cally assessed. Rather, we will take “reasonable”
distribution functions from the recent literature,
with no consideration of the uncertainties, and put
them together to construct a first-guess universal
mass function. These distribution functions will
partially overlap in mass and partially be sepa-
rated by gaps in mass regions where we lack ob-
jects or data.
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Another principal difficulty of such a study is
the normalization. Everything has to be normal-
ized to the same volume of space, but our objects
are sampled in vastly different volumes: While
clusters of galaxies are seen over a significant part
of the observable universe, and the galaxian LF,
though sampled in a fairly local volume, can still
be regarded as universal, the stellar LF is sim-
ply that of the solar neighbourhood, and the mass
function of planets and small bodies is entirely
drawn from our solar system (never mind the ex-
ponentially growing number of – nearby – exoplan-
ets). So the smaller the scale the larger and more
uncertain the extrapolation to a universal mean.
This kind of uncertainty will not soon go away.
Rather, we have to rely, as all of cosmology does,
on the Cosmological Principle, i.e. that we are
living in a typical, average environment – on all
scales. All our mass functions will in the end be
normalized to a volume of 1 Mpc3 and given in
units of solar masses ([φ(M)] = Mpc−3M⊙
−1).
The paper is organized as follows. In section 2
we present the individual mass functions for the
different object classes, starting with galaxies and
going up first to supergalactic, then going down
to subgalactic structures. These functions are put
together to a universal mass function in section 3,
where the mass distribution of dark matter halos
from theory is added for comparison. Finally, in
section 4 we discuss possible meanings of the uni-
versality found and give our conclusions. A Hub-
ble constant of 70 km s−1Mpc−1 is used through-
out.
2. OBSERVEDMASS FUNCTIONS FOR
DIFFERENT CLASSES OF OBJECTS
2.1. Galaxies
While the galaxian LF is fairly well known, ex-
cept at the very faintest end, the mass function
(hereafter MF) of galaxies is very hard to deter-
mine, as galaxies are dominated by non-baryonic
dark matter (DM) of a principally unknown na-
ture. The galaxian MF is reconstructed from in-
dividual or statistical mass-to-light-ratio determi-
nations (or rather estimates!) that have to be
convolved with the luminosity distribution which
is usually taken to be a Schechter (1976) function
of the form
φ(L)dL = φ∗(L/L∗)α exp(−L/L∗)dL . (1)
Vale & Ostriker (2004) give the following mass-to-
light function for galaxies:
L(M) = A
(M/M ′)b
[c+ (M/M ′)d k]1/k
(2)
with the best-fitting parameters A = 5.7 × 109,
M ′ = 1011, b = 4, c = 0.57, d = 3.72, and k =
0.23. At the low-mass end this gives L ∝ M4, at
the high-mass end L ∝ M0.3. A total galaxy MF
is then obtained through
φ(M) =
dL(M)
dM
φ(L(M)) (3)
by inserting (2) and the Schechter function (1)
with parameters taken from the 2dF galaxy LF
(Norberg et al. 2002), as used also by Vale & Os-
triker (2004): φ∗ = 5.52 × 10−3Mpc−3L−1⊙ , L
∗ =
2.31 × 1010L⊙ (in the B band), and α = −1.21.
However, we use this Vale & Ostriker galaxy MF
only for galaxy masses smaller than 1011M⊙, as
the high-mass end (with its shallow slope, see
above) would produce too many cD-type galax-
ies (as Vale and Ostriker note, the cD halos that
went into their mass-to-light function are rather
hosting the whole cluster than the cD alone). A
more appropriate MF at the high-mass end may
be provided by van den Bosch et al. (2005) who
work with the statistical distribution of satellite
galaxies. Their mass-to-light function is given by
L(M) =
2M
(M/L)0[(M/M1)−γ1 + (M/M2)γ2]
(4)
with the best-fitting parameters (M/L)0 = 115,
logM1 = 10.76, logM2 = 12.15, γ1 = 2.92 and γ2
= 0.29 (for a ΛCDM clustering normalization of σ8
= 0.9). This is somewhat steeper at the high-mass
end (L ∝ M0.7 versus M0.3), giving a total MF
that is falling down more rapidly now with increas-
ing mass, while it is roughly compatible with Vale
& Ostriker (2004) at the low-mass end. We there-
fore use the resulting van den Bosch et al. MF for
galaxies with masses larger than 1011M⊙, keep-
ing however the Vale & Ostriker MF for smaller
masses, with continuity at M = 1011M⊙. This to-
tal (DM-dominated) galaxy MF, as a combination
of the two functions for larger and smaller masses
as just described, is shown in Fig. 1. The universal
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Fig. 1.— Total and baryonic mass functions of
galaxies.
normalization (per Mpc3) is of course provided by
the adopted normalized LF.
For comparison we also show the baryonic
MF of galaxies in Fig. 1 (stars, stellar remnants,
atomic and molecular gas), taken from Read &
Trentham (2005). It is based on a host of NIR
broad-band as well as radio observations and is
given in the form of a Schechter mass function
φ(M)dM = φ∗(M/M∗)α exp(−M/M∗)dM (5)
with parameters φ∗ = 2.5 × 10−14Mpc−3M⊙
−1,
M∗ = 1.31× 1011M⊙, and α = −1.21. The bary-
onic galaxy mass is indeed dominated by stars; the
Schechter α is the same (see Read & Trentham
2005 for a detailed account of the contribution by
the gas). We show the galaxy MFs down to a mass
of 106M⊙; this is of course a bold extrapolation;
the faint end of the LF, let alone the MF of galax-
ies, is not well constrained.
2.2. Groups and Clusters of Galaxies
The mass of groups and clusters of galaxies
is dominated by DM as well and has to be es-
timated either from the kinematics of member
galaxies or (for clusters only) from the X-ray intr-
acluster gas properties or the gravitational lensing
of background galaxies. There are several stud-
Fig. 2.— The mass function of groups and clusters
of galaxies
ies of the group and cluster MF in the literature
(e.g. Bahcall & Cen 1993, Biviano et al. 1993,
Girardi et al. 1998). For our purposes we take
the MF of Girardi et al. (1998) which is based on
optical virial mass estimates of a complete sam-
ple of 152 nearby clusters. It was derived only
for masses larger than a few 1014M⊙, but we ex-
trapolate it down to 1012M⊙, because it is com-
patible with the MF of Bahcall & Cen (1993)
which does cover also the low-mass end by in-
cluding small groups. The adopted MF for groups
and clusters, shown in Fig. 2, is a Schechter-type
MF of the form (5), however fixing α = −1 (flat
end), with φ∗ = 6.2 × 10−20Mpc−3M⊙
−1, and
M∗ = 3.7× 1014M⊙.
2.3. Star Clusters and Molecular Clouds
Next we consider subgalactic structures: star
clusters and molecular clouds which can be as mas-
sive as extreme dwarf galaxies but in contrast to
these do not contain dark matter.
2.3.1. Globular clusters
The observed LF of globular clusters is typi-
cally bell-shaped (Gaussian). However, the decline
towards fainter luminosities (masses) is probably
an effect of dynamical evolution (dissolution of
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smaller clusters in the galactic tidal field) and may
not reflect the initial distribution [for a different
view, however, see Parmentier & Gilmore 2007].
As suggested by Surdin (1979), Racine (1980), and
Harris & Pudritz (1994), the initial mass distri-
bution of globular clusters can be modelled by a
power law of the form
dN
dM
∝M−β (6)
or in our MF notation:
φ(M)dM = AM−βdM . (7)
Such a distribution is indeed observed for young
clusters in merging galaxies (e.g. Whitmore &
Schweizer 1995), and the high-mass tails of the
old globular cluster systems of nearby galaxies are
still following this form very closely. For globulars
with masses larger than 105M⊙, Harris & Pudritz
(1994) find a mean best-fitting β = 1.7, which we
adopt for our globular cluster MF in the range
105 − 107M⊙. For lower masses we consider only
open clusters (see below).
How can this MF now be normalized to a uni-
versal density? This is done by the “specific fre-
quency”
SN = 8.55× 10
7 NT
LV /L⊙
, (8)
which is the number of globular clusters per
“piece” of mother galaxy of absolute V magni-
tude −15. NT is the estimated total number of
globular clusters. SN depends on the morpholog-
ical type of the mother galaxy, but a reasonable
mean value is SN = 3 (see Harris 2001), which we
adopt. With a universal V luminosity density, ρL,
we have for the mean number of globular clusters
per Mpc3:
Agc
107M⊙∫
105M⊙
M−1.7dM =
SN[ρL/L⊙]
8.55× 107
. (9)
Norberg et al. (2002) give a B band ρL = 1.27 ×
108L⊙Mpc
−3. As the mean B−V colour of galax-
ies will not be far from the solar value of 0.65,
we assume the same ρL value in V . The re-
sulting normalization constant from (9) is then
Agc = 1.03× 10
4Mpc−3M⊙
−1.
2.3.2. Open Clusters
As shown, e.g., by Elmegreen & Efremov (1997)
from their study of hundreds of open clusters in
the LMC, the LF of open clusters systematically
depends on age. Using the same power law for the
LF,
φ(L)dL ∝ L−βdL , (10)
β is smaller (i.e. the LF more flattened) the
younger the cluster. Very young clusters (age
less than 107 years) have essentially a flat distri-
bution (β ≈ 1); somewhat older clusters up to an
age of 108 years show β ≈ 1.5, and for clusters
older than 108 years we finally have β ≈ 2. The
flat LFs found with young clusters is obviously
due to the presence (and dominance, in terms of
light) of short-lived OB stars. Clearly, then, for
the mass distribution (7) of open clusters, β =
2 is a reasonable choice. A normalization (fixing
constant A in (7) for open clusters) is achieved
by comparing the populations of open and glob-
ular clusters in the Milky Way galaxy. For open
clusters we rely on van denBergh & Lafontaine
(1984) who, aside from finding β ≈ 2 as well, give
a mean surface density for open clusters in the so-
lar neighbourhood of Noc ≈ 30 kpc
2 [see Piskunov
et al. (2006) and references therein for more re-
cent open cluster population studies]. This is for
clusters of absolute V magnitude between −2 and
−10, roughly corresponding to a mass range of
103 to 105 solar masses. If we assume a more or
less constant cluster density in the galactic disk
with 10 kpc radius, giving a total disk surface of
≈ 300 kpc2, we expect a total number of galactic
open clusters of ca. 30 × 300 = 9000. As there
are about 150 globular clusters in the Galaxy, we
have
Aoc
105M⊙∫
103M⊙
M−2dM
Agc
107M⊙∫
105M⊙
M−1.7dM
=
9000
150
. (11)
With Agc from above, this gives Aoc = 1.89 ×
105Mpc−3M⊙
−1.
2.3.3. Molecular Clouds
Although molecular clouds are not gravitation-
ally bound and are not even in a state of long-
term equilibrium, being formed and dispersed on
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a time-scale shorter than the dynamical time-
scale of the Galaxy, they are objects in the sense
that one can measure their sizes and masses and
thus determine a distribution function. Molecu-
lar clouds exhibit a fractal structure, i.e. smaller
(and denser) clouds are embedded in larger ones.
The cumulative size distribution for substructures
inside a fractal is given by
N(> S) ∝ S−D , (12)
or in differential form
n(S)dS ∝ S−(D+1)dS , (13)
where D is the fractal dimension (Mandelbrot
1982; see Elmegreen & Falgarone 1996, whose for-
malism we follow here). On the other hand, there
is a size-mass relation which can be assumed to be
a power law again:
M ∝ Sκ . (14)
The size distribution can now be transformed into
a mass distribution:
n(M)dM = n(S)
dS
dM
dM ∝M−
D
κ
−1dM . (15)
Observations show that κ ≈ D ≈ 2.3 (see
Elmegreen & Falgarone 1996). This is consistent
with another definition of the fractal dimension:
M ∝ SD (Mandelbrot 1982), suggesting that the
size and mass distribution of molecular clouds is,
in fact, the result of fractal gas structure. The
MF for molecular clouds can therefore be written
again as
φ(M)dM = AmcM
−2dM . (16)
To fix the normalization constant Amc we as-
sume that the mean density of molecular hydro-
gen in the universe is entirely made up of clouds
with masses between 10−1M⊙ and 10
7M⊙ (see
Elmegreen & Falgarone 1996 for the mass range):
ΩH2ρcrit = Amc
107M⊙∫
10−1M⊙
φ(M)MdM = Amc
107M⊙∫
10−1M⊙
M−1dM .
(17)
With ρcrit = 1.36 × 10
11M⊙Mpc
−3 and ΩH2 =
0.00026 from Read & Trentham (2005), we get
Amc = 1.92× 10
6Mpc−3M−1⊙ .
Fig. 3.— The mass function of superstellar ob-
jects: molecular clouds, open clusters, globu-
lar clusters, galaxies, and groups and clusters of
galaxies.
The MFs we have derived so far are plotted
together in Fig. 3. We note, as has been noted be-
fore, that the MFs of molecular clouds and star
clusters (and, in fact, of stars as well, see be-
low) have very similar power laws. Such would
be a natural outcome, if stars and star clusters
form(ed) by the fragmentation of turbulent cloud
cores (e.g. Elmegreen & Efremov 1997).
2.4. Stars and Stellar Remnants
In the spectrum of cosmic objects we would
next have to deal with binary and (the much less
frequent) multiple stars before coming to single
stars. However, we are still lacking reliable binary
statistics. A very rough estimate of the MF of bi-
nary stars is the following. Consider the extreme
case that every star is in a system of two stars of
equal mass. Then the mass function of binaries per
unit volume would obviously be lowered in ampli-
tude by at least a factor of two as compared to the
MF of single stars, while otherwise being of simi-
lar shape and covering essentially the same mass
range. This shows that in our first-guess universal
mass function, binary and multiple star systems
can be neglected.
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In the following we will determine the MF of
a universally averaged, evolved, present-day pop-
ulation of single stars and stellar remnants. Such
a distribution function has never been discussed
in the literature, precisely because it is interesting
only in the present (new) context.
2.4.1. IMF and Final-to-Initial Mass Ratio
The mass function of single stars at their birth,
i.e. the initial mass function (IMF), is an imor-
tant datum for all of astronomy and is of course
the backbone of our treatment. The original form
given by Salpeter (1955):
φ(M)dM ∝M−2.35dM (18)
is still in use for stars of higher mass. For low-
mass stars various modifications of the Salpeter
function have been suggested (e.g., Kroupa 2001),
but there is agreement that well below one solar
mass the power-law index is around −1.8, rather
than −2.35. For our purposes we adopt an index
of −1.8 for masses smaller than 0.5 M⊙ (down to
M = 0.1 M⊙), and the Salpeter index for stellar
masses above that limit (up to M = 120 M⊙).
A second, even less well-known ingredient for
our calculation is the relation between the initial
mass of a star and the final mass of its remnant
(white dwarf, neutron star, black hole). Stars with
initial masses smaller than about 8 M⊙ end up
as white dwarfs; stars with initial masses above
this critical limit end up as neutron stars or black
holes. For the initial-mass range 1 to 7 M⊙ and so-
lar metallicity (which we assume here for simplic-
ity) we adopt the final white dwarf masses given
by Weidemann (2000, Table 2.1); they range from
0.55 M⊙ for a 1 M⊙ star initially, to 1.02 M⊙ for a
7 M⊙ star initially. For subsolar masses, where lit-
tle is known about the initial-final mass ratio, we
assume a simple linear relation from (Mi/Mf) =
(0.1, 0.1) to (1, 0.55). The exact relation is nearly
irrelevant for our purposes because these stars do
not evolve in a Hubble time, anyway.
For high-mass stars (Mi > 8 M⊙) the situation
is very complex, as the evolution and therefore
also the mass loss of these stars strongly depends
on metallicity and other parameters, such as rota-
tion etc. (Woosley, Heger & Weaver 2002; Heger
et al. 2003). We have constructed an initial-final
mass function for these stars, drawing on the infor-
mation contained in the papers just mentioned, by
Fig. 4.— The final mass of the stellar remnant as
a function of the initial mass of the star. Above
50 M⊙ (initial mass) the linear relation is extrap-
olated up to the highest masses considered.
extending the low-mass relation continuously with
a linear relation from (Mi/Mf) = (7, 1.02) up to
(15, 1.4), and then again linearly from (15, 1.4) all
the way up to (120, 25). This is a very rough ap-
proximation (in lack of better knowledge) and we
assume solar metallicity (metal-poor stars would
suffer less mass loss, resulting in higher-mass rem-
nants). The adopted initial-final mass function is
shown in Fig. 4.
2.4.2. Stellar Lifetimes and Star Formation His-
tories
Two more ingredients for our calculation of the
MF of stars and stellar remnants for an evolved
stellar system are needed: the lifetime of a star
as a function of its initial mass, and the star for-
mation rate as a function of time (i.e. the star
formation history). The stellar lifetime (which is
essentially the time spent on the main sequence)
is also a function of metallicity; for simplicity we
again assume solar metallicity. A table with the
stellar lifetimes for solar-metallicity stars with ini-
tial mass between 0.8 and 120 M⊙ is given, e.g.,
in the textbook of Sparke & Gallagher (2000); for
stars with mass below 0.8 M⊙ the lifetime is larger
7
Fig. 5.— The cosmic star formation history: the
average star formation rate (SFR, the mass of stars
born per unit volume per unit time) of the universe
as a function of time (SFR in arbitrary units).
than a Hubble time. We have fitted a polynomial
of second degree to the tabulated pairs (log stellar
mass, log lifetime) to get the estimated lifetimes
for stars of any (non-tabulated) mass.
Three types of star formation histories have
been used as input: (1) an initial burst of star for-
mation, i.e. all stars are born at the same instant,
approximately applying to elliptical and S0 galax-
ies, (2) a constant star formation rate, simulating
the case of spiral and irregular galaxies, and (3) a
“cosmic” star formation history. The latter is in-
ferred from high-redshift observations and is usu-
ally given as star formation rate per unit volume
as a function of redshift. We have adopted the log
(SFR)–z relation of Madau, Pozzetti & Dickinson
(1998, Fig. 3) and turned it into a log (SFR)–t re-
lation with the help of a “Cosmology Calculator”1
using H0 = 71 km s
−1 Mpc−1, ΩM = 0.270 and
ΩVac = 0.730. The result is shown in Fig. 5.
1 http://nedwww.ipac.caltech.edu/index.html Cosmology
Calculator I
2.4.3. Mass Function of an Evolved Stellar Pop-
ulation
The present-day MF of stars and stellar rem-
nants for an assumed star formation history is now
calculated in the following way. The whole mass
range from 0.1 to 120 M⊙ is divided into bins of
width 0.1 M⊙, giving 1 200 mass points. The evo-
lutionary timespan considered is 12 Gyr, i.e. we as-
sume that the first stars were built around 12 Gyr
ago, in accord with the typical age of Milky Way
globular clusters. Dividing this timespan into in-
tervals of 0.1 Myr gives 12 000 timesteps. Consider
now that we start with a star formation event.
The original mass function φ(M) is then simply
the adopted IMF. After every time step we com-
pare the time elapsed since the birth event with
the lifetime of a star of given mass. Stars with
lifetimes smaller than the population age are in-
stantly lost, i.e. taken away from the mass func-
tion at their initial mass and added at a different
place of the mass function at their much smaller
remnant (final) mass. In this way stars of subse-
quently smaller masses are lost from the popula-
tion, leading to the well-known “burning down”
of the IMF from high to low masses. Non-coeval
stellar populations (constant SFR or cosmic SFH)
can easily be calculated as superposition of many
little bursts distributed over the whole timespan
(one burst for a given population fraction at every
timestep).
The resulting present-day MFs of stars and stel-
lar remnants for the three different star forma-
tion histories considered are shown, along with
the IMF, in Figs. 6 and 7. The MFs are normal-
ized to the same integrated, initial stellar mass
as contained in the IMF; the normalization of the
IMF itself is arbitrary. The MF would in prin-
ciple be unchanged, i.e. remain identical to the
IMF, for masses somewhat smaller than 1 M⊙.
However, we note a little spike on top of the IMF
around logM = −0.2, or M ≈ 0.6 M⊙. This is
due to the “graveyard” of white dwarfs of initial
mass 1 M⊙ or smaller. The depletion at masses
larger than about 4 M⊙ (logM > 0.6) is inde-
pendent of the star formation history – these are
the black hole remnants of rapidly evolving high-
mass stars (initial mass larger than ca. 30 M⊙,
see Fig. 4). In the intermediate mass range of
1 to 4 M⊙ we see the expected differences: the
largest depletion of the MF at supersolar masses
8
Fig. 6.— Present-day mass functions of stars and
stellar remnants for a simple (co-eval) stellar pop-
ulation of age 12 Gyr (“initial burst”, broken line),
and a stellar population with a constant star for-
mation rate (dotted). The IMF (full line) is shown
for comparison. The staircase character is a result
of the binning (see text). The normalization is
arbitrary.
is found for the “initial burst” case (i.e. E and
S0 galaxy stellar populations), the smallest deple-
tion for constant star formation rate (spiral and
irregular galaxy stellar populations), and the cos-
mic SFH case is lying somewhere between, as the
two principal galaxy classes roughly contribute the
same amount of stellar mass to the universal mean
(see Read & Trentham 2005). The (artificial) cut-
off at logM ≈ 1.4 corresponds to the maximum
final black-hole mass of ca. 25 M⊙ originating
from the initial-mass cut-off at 120 M⊙. As the
high-mass end of the MF is entirely shaped by
the very poorly constrained final-initial mass func-
tion (Fig. 4), this part of the distribution func-
tion should not be taken at face value. Overall,
from the viewpoint of a universal mass function
of things, the present-day MF of stars and stellar
remnants is not dramatically different from the
stellar IMF; for subsolar masses it is essentially
the same, for supersolar masses it is down in am-
plitude by roughly one order of magnitude.
Fig. 7.— Present-day mass function of stars and
stellar remnants for the assumed cosmic star for-
mation history (broken line). Otherwise like Fig. 6
2.4.4. Brown Dwarfs
Brown dwarfs seem to cover a very narrow mass
range, from the lower mass limit for hydrogen
burning atM = 0.08 M⊙ downwards to about 0.01
M⊙, where the realm of giant planets is entered
(see below). The MF of brown dwarfs is much
flatter than that of stars, even of low-mass stars.
Luhmann et al. (2000) and Bejar et al. (2001),
studying brown dwarfs in young open clusters,
give α ≈ 0.5 − 1 for the usual powerlaw form
φ(M) ∝ M−α. We adopt α = 0.8 for objects
with masses between 0.1 and 0.01 M⊙ and attach
this distribution continuously to the stellar one at
0.1 M⊙.
2.4.5. Normalization
The normalization of the stellar MF is straight-
forward. Read & Trentham (2005) give a stellar
contribution to the mean mass density of the uni-
verse of Ω∗ = 0.0028. Hence we have
Ω∗ρcrit =
25M⊙∫
0.1M⊙
φ∗(M)MdM = A∗
25M⊙∫
0.1M⊙
M−x(M)dM
(19)
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where φ∗(M) is the MF of stars and stellar rem-
nants (from 0.1 to 25 M⊙) as determined above
for a cosmic star formation history (Fig. 7), and x
is the running (mass-dependent) power-law index
of the same distribution. Brown dwarfs are not
included; their contribution to the total mass is
negligible. In fact, for the integrated MF we could
also have neglected the stellar remnants. With
ρcrit = 1.36× 10
11M⊙Mpc
−3 this gives a normal-
ization constant of A∗ = 7.6×10
7Mpc−3M−1⊙ . The
normalized MF of stars and stellar remnants and
brown dwarfs appears in Figs. 9 to 11.
2.5. Planets and Asteroids
Inspite of the rapidly growing number of newly
detected extrasolar planets, our knowledge of the
mass function of planetary and small bodies has
still to rely entirely on the census of our solar sys-
tem.
2.5.1. Solar System
But even for the solar system we are far from
having a complete census. The recent detection
of several Pluto-sized objects in the Kuiper belt
means that completeness of the solar system mem-
ber census can be claimed only to about a mass
of 10−9M⊙, or a diamter of 1 000 Km, which are
roughly Pluto’s values. Taking data from the
latest edition of Allan’s Astrophysical Quantities
(Cox 2000) for planets, moons, and bright aster-
oids, and having turned the diameters of bright
asteroids and of some “unweighted” moons into
masses by assuming a reasonable mean mass den-
sity of 2 g cm−3, we get a MF of solar system
bodys as shown in Fig. 8 (indicated as crosses,
giving numbers of objects per unit solar mass).
This distribution can be fitted by a straight line
representing a rather shallow power-law index of
−0.96. As mentioned, below ≈ 10−9M⊙ (Pluto’s
mass) this MF is bound to be incomplete. We
construct a more reliable low-mass extension from
faint asteroids, in the following way.
Ivezic et al. (2001) give a diameter distribution
function for 13 000 asteroids found in the Sloan
Digital Sky Survey. The diameters had to be in-
ferred from magnitudes by assuming an albedo;
Ivezic et al. (2001) assumed an albedo of 0.14
for reddish (interpreted as mainly silicate, rocky)
and an albedo of 0.04 for blueish (mainly carbona-
ceous) asteroids. The resulting diameter (D) dis-
tribution (see Ivezic et al., Fig. 25) can be fitted
by a power law of the form
N(D)dD ∝ D−γdD , (20)
where parameter γ, however, is different for dif-
ferent size regimes: For asteroids larger than 5
km the distribution is very steep with γ = 4, for
smaller asteroids it is a bit more gentle with γ =
2.3. This seems to be in good accord with other
studies of the size distribution of asteroids (see,
e.g., Tedesco, Cellino & Zappala 2005; Bagatin
2006). The size distribution is easily turned into a
MF by again assuming a mean mass density ρ =
2 g cm−3 for the asteroids. With
D =
(
6M
piρ
) 1
3
(21)
we have
φ(M)dM =
dD
dM
N(D)dM ∝M−
(γ+2)
3 dM ∝M−γ
′
dM.
(22)
The new power-law index −γ′ for the MF is now
−2 for asteroids larger than 5 km (= more mas-
sive than 6.6 ×10−17M⊙), and −1.4 for smaller
(less massive) bodies. The mass range covered ex-
tends from 10−20M⊙ (corresponding to asteroids
of D ≈ 0.3 km) up to 10−13M⊙ (D ≈ 100 km).
This is the MF adopted for our study, shown in
Fig. 8. Lacking proper normalization, it is sim-
ply attached to the previously determined MF for
planets, moons, and bright asteroids by extrap-
olating the steep, high-mass power law (γ′ = 2)
towards still higher masses, glueing the two distri-
butions together at 10−9M⊙, the assumed limit
of completeness for the planetary MF. By this
we should more or less include the catalogued,
brighter (larger, more massive) asteroids missed
by the SDSS-based work of Izevic et al. (2001;
see Tedesco et al. 2005). Kuiper-belt (Trans-
Neptunian) objects seem to follow a distribution
similar to the asteroids (e.g., Bagatin 2005, Fig.
2). By their exclusion, for lack of adequate data,
we are likely underestimating the MF amplitude
for small bodies, but probably not more than by
a factor of 10, which is still not very relevant for
our universal MF.
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Fig. 8.— Mass function of planets, satellites, and
small bodies of the solar system in numbers per
unit solar mass. The crosses are differential counts
of solar system members based on catalogues –
deemed incomplete below a mass of 10−9M⊙ (di-
ameter around 1 000 km). The straight line fitted
through the crosses coresponds to a power-law in-
dex of −0.96. The full line at lower masses with
a knee around 10−16M⊙ (diameter ≈ 5 km) is the
diameter-inferred mass function of SDSS aster-
oids. This distribution is extrapolated to higher
masses (shown as dotted line) up to 10−9M⊙,
where it is attached to the planetary distribution.
2.5.2. Extrasolar Planets
The exploration of extrasolar planets has only
just begun. What we have learned so far is that
the maximum planetary mass seems to be around
10 Jupiter masses, or 1/100 of a solar mass –
which happens to coincide roughly with the min-
imum mass of brown dwarfs (see above). Most
exoplanets detected so far have – by necessity,
given the detection techniques – masses in the
narrow range of 1 to 10 Jupiters (in fact, these
are minimum masses, due to the unknown incli-
nation of the planetary orbits). So we can use
the (minimum) mass distribution of the presently
known exoplantes (around 200, as of late 2006) to
extend the solar system MF towards 10 Jupiter
masses. For this purpose we have collected data
published in the web-based Interactive Extrasolar
Planets Catalog of Jean Schneider2 and glued the
narrow mass distribution function directly to the
high-mass end of the solar system MF (i.e. to
Jupiter at 1/1000 of a solar mass); this is the dot-
ted curve in Fig. 9 indicated by “Exoplanets”. Its
exact form is irrelevant here, because it will change
faster than we could publish it!
2.5.3. Normalization
The universal abundance of planterary systems
is of course completely unknown. For solar-type
(G-type) stars the frequency of planetary systems
is found to be in the 10 % range (e.g., Quirren-
bach 2005, p.39). But the detection of extraso-
lar planets is still biased towards high masses and
small periods; so that freqency could be signifi-
cantly higher. On the other hand, the majority of
stars are M dwarfs, for which planetary compan-
ions have yet to be discovered. The ubiquity of
protoplanetary disks around low-mass stars seems
to suggest the ubiquity of planetary systems; but
we do not yet know whether this is generally true.
Nor do we have a clue whether the abundance of
planetary and small bodies scales with the mass
of the star, or whether the shape of the plane-
tary MF is always the same, etc. So, for want of
better knowledge we make a very simple (solar-
centric) assumption: we assume that, on average
in the universe, there is one solar system for every
10 solar masses (reproducing, of course, the 10 %
frequency for G-type stars). Since, according to
Read & Trentham (2005), the mean stellar mass
density of the universe is
ρ∗ = Ω∗ · ρcrit = 0.0028× 1.36 10
11M⊙Mpc
−3
= 3.81× 108M⊙Mpc
−3 , (23)
we simply have to shift the solar system MF per
unit solar mass shown in Fig. 8 upwards (enhance
the frequency) by a factor of 3.81 ×107 to get a
“universal” MF of substellar bodies per solar mass
and per cubic Megaparsec. This is the distribution
shown in Fig. 9. It is apparent that the MFs of
giant planets and brown dwarfs do not smoothly
interconnect, but there is also no reason why they
should. In fact, there seems to be a genuine fre-
quency gap between the two types of objects (e.g.,
2 http://vo.obspm.fr/exoplanetes/encyclo/catalog.php
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Fig. 9.— The normalized mass function of so-
lar system bodies and exoplanets, along with the
mass function of stars, stellar remnants and brown
dwarfs. Notice the possible discontinuity between
giant planets and brown dwarfs.
Quirrenbach 2005, p.40). In any case, it should be
borne in mind that this planet-star normalization
is probably the most unreliable normalization of
our whole study.
3. PUTTING IT ALL TOGETHER: A
UNIVERSAL MASS FUNCTION
3.1. Mass Function of Astronomical Ob-
jects
We are now in a position that we can put to-
gether the MF for objects on superstellar scales
(clusters and groups of galaxies, galaxies, star clus-
ters, and molecular clouds, Fig. 3) with the MF for
objects on the stellar and substellar scales (stars
and stellar remnants, brown dwarfs, planets, and
asteroids, Fig. 9), to get an overall, “universal”
MF that stretches from the most massive clusters
of galaxies – the largest bound aggregates of mat-
ter in the universe at M ≈ 1016M⊙ – all the way
down to sub-kilometer-size bodies of the solar sys-
tem at M ≈ 10−20M⊙ (= 20 million tons), thus
covering 36 (!) orders of magnitude in mass. This
is shown in Fig. 10 which constitutes the princi-
Fig. 10.— The overall mass function of astro-
nomical objects from the most massive clusters of
galaxies all the way down to sub-kilometer-size as-
teroids, covering 36 orders of magnitude in mass.
The individual branches of objects are indicated.
The figure is a combination of Figs. 3 and 9.
pal outcome of the present paper. It is gratifying
that the two halves almost perfectly connect to
each other around one solar mass. Remember that
this normalization was achieved on the basis of the
mean universal mass density carried by the stars,
embodied in the galaxies on the one hand, and
comprised by the stars themselves on the other.
Before discussing the meaning of this and of the
whole MF, we will in the following add one more
piece of information: the MF of dark matter halos
as derived from theory and numerical simulations.
3.2. Mass Function of Dark Matter Halos
From Numerical Simulations
A highly advanced theory of structure forma-
tion should one day be able to reproduce the
observed universal MF. Of course, we are very
far from having reached this point. However, on
larger scales the basic agent of structure forma-
tion is the dissipationless gravitational clustering
of matter, a process which is fairly well understood
and is simulated, with ever increasing numerical
resolution, since more than 30 years. In the con-
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text of a cold dark matter (CDM) scenario, start-
ing with a Harrison-Zeldovich spectrum of primor-
dial density fluctuations, there is increasing fluc-
tuation power with decreasing mass at recombina-
tion, getting asymptotically flat towards smaller
masses (e.g., Longair 1998, p. 316). This means
that CDM structure is forming first on small scales
and is building up in a hierarchical way to ever
larger scales. It is straightforward to show (e.g.,
Longair 1998, p.373, see also below), by using
the formalism of Press & Schechter (1974), that
the flat low-mass end of the fluctuation spectrum
at recombination results in a power-law MF with
slope −2 at small masses, i.e.
φ(M)DMdM ∝M
−2dM . (24)
At the high-mass end, the MF rapidly turns down
to zero, giving the functional form a characteris-
tic knee reminiscent of the Schechter luminosity
function whose form was, in fact, motivated by
the Press-Schechter result (Schechter 1976). The
general form and low-mass slope of the DM mass
function has been confirmed and strengthened by
more recent semi-analytic work (Sheth & Thor-
men (1999, see also Vale & Ostriker 2004) and by
numerous numerical simulations of the hierarchi-
cal collapse and clustering of DM halos (e.g., Reed
et al. 2003).
Recently, Diemand, Moore & Stadel (2005a)
performed very-high-resolution numerical CDM
simulations and found DM substructure right
down to the theoretical limit at M ≈ 10−6M⊙,
corresponding to the mass of planet Earth (!).
The MF of these “microhalos” turns out to have
the same slope of −2 as the MF of more massive
halos, at least down to M ≈ 10−5M⊙ where the
function starts to bend down, depending on the
nature of CDM (neutralinos or axions). Moreover,
in the mass range 1010 − 1015M⊙ the normaliza-
tion (absolute number of halos per solar mass and
cubic Mpc) of Diemand et al.’s simulation is only
a factor of two different from the one given by
Reed et al. (2003) when the latter MF is extrapo-
lated down by 10 to 15 orders of magnitude, with
a forced slope of −2, to reach the mass range of
Diemand et al. (2005a, see their Fig. 3).
For our study, in order to have a theoretical
counterpart of the MF of galaxies and clusters of
galaxies, we adopt a MF for DM halos of the form
given in (24), i.e. a slope of −2 for the entire mass
range of 10−5 − 1015M⊙ with the normalization
of the Reed et al. extrapolation given in Fig. 3
of Diemand et al. (2005a). As mentioned, be-
low 10−5M⊙ the MF is not known but will prob-
ably fall down very rapidly. Above 1015M⊙ the
MF bends down in the usual “Schechter-Press”
manner (see e.g., Reed et al. 2003, Vale & Os-
triker 2004); for this part of the MF we can di-
rectly rely on the cluster data. The resulting,
very simple theoretical MF for DM halos is shown
in Fig. 11, along with all other MFs shown al-
ready in Fig. 10. Obviously, there is good match
on the scale of galaxies and clusters of galaxies.
This had also to be expected, given the fact that,
with respect to mass, DM is the major constituent
of these structures. In adition, the normaliza-
tion of the simulated MF is of course not inde-
pendent but is drawn from observed quantities,
such as the mean mass density of the universe and
the density fluctuation amplitude encapsulated in
σ8. For galaxies, however, we note a difference:
the observed slope is flatter than the simulated
slope. This means that the simulations predict
more substructure on galactic scales than is ac-
tually observed, i.e. most DM minihalos seem to
lack a baryonic (dwarf galaxy) counterpart. This
discrepancy has manifested itself also as “satellite
catastrophe” (e.g., Moore at al. 1999). The rela-
tion of the mini/microhalos on still smaller scales
to astronomical objects is addressed below.
4. DISCUSSION AND CONCLUSIONS
Here is first a recapitulation of our main find-
ings:
(1) The mass functions of individual classes of as-
tronomical objects can be concatenated to build a
nearly continuous, “universal” mass function that
stretches from small asteroids all the way up to
the richest clusters of galaxies, covering 36 orders
of magnitude in mass.
(2) Most individual MFs follow, in part or entirely,
a power law with index α ≈ −2. A notable excep-
tion is the MF of planetary and small bodies which
is significantly flatter. As a consequence the com-
bined MF from stars to clusters of galaxies shows
a “universal” slope of α ≈ −2 as well.
(3) CDM halos from numerical simulations follow
a nearly identical MF, with α = −2, holding even
at the scale of stars and planets.
How should this be interpreted? What can be
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Fig. 11.— The mass function of dark matter ha-
los inferred from numerical simulations, as com-
pared to the observed mass functions of the various
classes of astronomical objects shown in Fig. 10.
expected as a natural outcome of structure for-
mation? What cannot, and is in need of a spe-
cial explanation? Certainly the mass function(s)
must somehow reflect the physical processes in-
volved with the formation of these objects. Three
different regimes of astronomical objects, known
to have radically different formation histories, can
be distinguished:
(1) Galaxies and supergalactic structures (from
dwarf galaxies to rich clusters of galaxies) were
formed by gravitational clustering in a bottom-
up manner. Their basic constituent is thought
to be CDM, being clustered in underlying dark
halos. These halos (according to the most re-
cent simulations) have a rich substructure down
to the scale of stars and planets. The standard
formation scenario envisions the growth of pri-
mordial density fluctuations in CDM and the sub-
sequent, hierarchical gravitational instability and
collapse of CDM halos from the smallest (plan-
etary) to the largest (galaxy cluster) scale. The
M−2 mass distribution, which is roughly observed
on the galactic and supergalactic scales and is
implied by numerical simulations to hold for all
scales, is in principle well understood as a conse-
quence of the power spectrum of primordial den-
sity fluctuations, P (k) ∝ kn, and the “trans-
fer function” describing the change of spectrum
due to the damping of fluctuations in the pre-
recombination epoch, T (k) ∝ kn
′
in its most sim-
ple form. The resulting power spectrum at re-
combination is Prec(k) = P (k) · T (k)
2 = kn+2n
′
,
and the low-mass end (k →∞) of the mass func-
tion of DM halos at the present epoch becomes (as
inferred, e.g., from Efstathiou 1990, and Longair
1998):
φDM ∝M
(n+2n′−9)/6 . (25)
With a Harrison-Zeldovich spectrum (n = 1) and
for adiabatic CDM fluctuations (n′ = −2 in the
limit for large k), this turns into the familiarM−2
law. Clearly, the primordial spectral index is not
as important as the transfer function. So the M−2
behaviour can essentially be viewed as a property of
CDM. Hot dark matter (HDM), e.g., would behave
very differently – all fluctuations on large scales
would get completely damped out and structure
formation would (have to) turn into a top-down
scenario.
(2) Stars and star clusters are believed to have
formed by the gravoturbulent fragmentation of
molecular clouds in a top-down manner. It has
been noted before that the mass functions of stars,
star clusters, and molecular cloud cores are quite
similar. For stars we have the essentially still valid
Salpeter IMF with power-law slope −2.35, star
clusters have mass functions with slope ≈ −2 (see
Sect. 2.3), and molecular gas clouds show a frac-
tal structure with fractal dimension D ≈ 2, cor-
responding again to a MF of slope −2 (Testi &
Sargent 1998, Elmegreen & Falgarone 1996). In
fact, a fractal structure with dimension between
1.5 and 2.5 is generally found for the interstellar
medium, galactic star fields, and even dwarf irreg-
ular galaxies (Elmegreen & Elmegreen 2001, Par-
odi & Binggeli 2003). This MF universality has
been interpreted as direct evidence for a universal
formation mechanism for stars and star clusters in
turbulent gas clouds (Elmegreen & Efremov 1997).
The origin of the scale-invariant clumpy structure
of the gas itself is not known; it could result from
gravitational fragmentation, collisional agglomer-
ation, or turbulence (see references in Elmegreen
& Efremov 1997). Nor is it clear what physical
parameters determine the slope of the MF, why it
is −2; the physics involved is exceedingly complex
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(see, e.g., Jappsen et al. 2005).
In the realm of stars and star clusters we should
in principle also consider the question of lifetimes,
in addition to formation processes (this point was
brought to our attention by the referee of this pa-
per). The lifetimes of stars were explicitely dealt
with in our calculation of the MF of an evolved
stellar population. Low-mass stars can get older
than a Hubble time, anyway. The same is true for
high-mass globular clusters. However, open clus-
ters are known to have only a lifetime of a few 100
Myr (e.g., Piskunov et al. 2006). So one could
indeed wonder why they match the extrapolated
MF of stars so well (see Fig. 20). Apparently, their
smaller lifetimes (as compared to the bulk of stars)
are to a certain degree compensated by a higher
formation efficiency. This is in accord with the
basic fact that star formation efficiency is gener-
ally higher in high-density regions, which of course
happen to be the loci of bound cluster formation
(see Elmegreen 2006).
In any case, it is a remarkable coincidence that,
on the scale of stars and star clusters, the bottom-
up CDM formation scenario should produce the
same slope, and even similar amplitude, as the
top-down star formation scenario. The underly-
ing physical processes, even if not exactly known,
are expected to be totally different. – Or is it con-
ceivable that the DM substructure in galaxies has
some influence on the fragmentation of the gas,
thereby imprinting on the cloud structure the same
“universal” mass distribution? This is difficult to
imagine but should not be excluded without fur-
ther investigation. It was questioned whether mi-
crohalos could survive the tidal perturbations by
other DM halos and, within the Galaxy, by stars
and molecular clouds. But recent work (e.g., Go-
erdt et al. 2007) reaffirms that due to their high
density (cuspy structure) most microhalos should
have survived. If so, they might act on the gas
in a manner that “conserves” the MF. Although
different processes to explain the stellar MF are
usually invoked (see above), minihalos (not micro-
halos) have already been causally connected with
old stars and globular clusters, if only in terms
of their distribution and kinematics, and not yet
their MF (Diemand, Madau & Moore 2005b).
(3) Planets, moons, and small bodies were
formed by the coagulation of dust particles and the
subsequent accretional growth of small planetesi-
mals (giant planets additionally by the accretion
of gas) in a bottom-up manner. However, there
are also top-down processes on these scales. For
instance, asteroids formed (and as a population
continuously evolve) by the collisional fragmenta-
tion of large planetesimals. The formation pro-
cesses for these objects are surely no less complex
than for stars, and we cannot even try to explain
the MF on the scale of planets and small bodies
in detail. We also recall that the normalization
of the planetary MF (their abundance per cubic
Mpc) remains very uncertain, simply because we
know them only very nearby. However, one prop-
erty of the MF on these small scales is noteworthy:
the general slope appears to be significantly flatter
than the “universal” −2. Again we can only spec-
ulate on the reason for this difference. In the mass
range from stars to the largest structures in the
universe, gravitation is certainly the basic agent of
structure formation, be it by bottom-up cluster-
ing or top-down fragmentation. On smaller scales,
however, gravitation becomes less dominant and
electromagnetic forces come into play; very small
asteroids (rocks), e.g., are no longer held together
by gravity but by van der Waals (hence electro-
magnetic) forces. So one could speculate that the
break in the slope of the MF around the mass of
planets has something to do with the transition of
the main force responsible for the constitution of
objects from gravity to electromagnetic forces.
In conclusion, the title question of this paper
can certainly be answered by Yes. There is a uni-
versal mass function in the sense that it is possible
to put together a continuous mass function “of the
universe”: from asteroids and planets, over stars
and stellar remnants, star clusters and gas clouds,
galaxies, all the way up to the richest custers of
galaxies. There is also a universal mass function
in the sense that the slope of most individual mass
functions and that of the grand total is very sim-
ilar: φ(M)roughly ∝ M−2. We have no expla-
nation for this nearly universal slope for very dif-
ferent scales and processes. It is not even clear
whether an explanation is needed, i.e. whether it
is more than a chance coincidence.
It would certainly be interesting to extend the
MF of astronomical objects from asteroids further
down in mass to meter-size and submeter-size bod-
ies (which would have to include living things such
as the reader!), to dust, molecules, atoms, nuclei,
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and finally elementary particles. Such an – even
more speculative – extension was not aimed at
here.
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